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STUDY OF THE STABILITY AND DRAG AT MACH NUMBERS
FROM 4.5 TO 13.5 OF A CONICAL
VENUS-ENTRY BODY

By Peter F. Intrieri
Ames Research Center

SUMMARY

An experimental study has been conducted to determine the static and
dynamic stability and drag characteristics of a conical-nosed planetary-entry
vehicle in a gas mixture composed of 9-percent carbon dioxide and 9l-percent
nitrogen and in air at Mach numbers of k.5, 9.0, and 13.5 and Reynolds numbers
from O.4% to 1.2 million. It was determined that for the assumed center-of-
gravity location, the configuration is statically and dynamically stable at
all Mach numbers and throughout the angle-of -attack range of the investigation
and that it exhibits the same static stability, dymamic stability, and drag in
air as it does in the nitrogen--carbon-dioxide mixture. The static stability
is invariant with Mach number and nonlinear with angle of attack. The non-
linear variation of pitching moment with angle of attack was closely approx-
imated by a two-term power series of the resultant angle of attack. The
dynamic stability is invariant with Mach number and angle of attack. The drag
coefficient of the configuration is essentially invariant with Mach number and
increases with increasing angle of attack. The static stability and drag were
closely predicted by Newtonian theory.

Strong experimental evidence is presented which shows that the configura-
tion is statically stable only about a nose-forward trim attitude of zero
angle of attack and dynamically stable about this unique stable attitude for
all amplitudes of oscillation.

Calculations which use the measured stability results to describe the
oscillatory behavior of a full-scale vehicle flying an example entry trajec-
tory through a model of the Venus atmosphere indicate that the stability char-
acteristics of the present configuration should be adequate for orienting the
vehicle properly during a Venus entry. For all initial orientations of the
vehicle (nose forward or base forward) the pitching motions should converge to
a very small fraction of the amplitude at entry.

INTRODUCTION

In the design of vehicles intended to enter planetary atmospheres, two
important goals are to provide for minimum aerodynamic heating and for ade-
quate aerodynamic stability of the vehicle during entry. TFor entries into the
Farth's atmosphere at velocities well in excess of escape velocity,



reference 1 has shown that the total heating will be less for sharp entry
bodies, such as pointed cones, than for blunt bodies. Radiative heating which
becomes the dominant mode at these speeds depends on the velocity normal to
the bow-shock wave rather than on the free-stream velocity; therefore, the
combined radiative and convective heating will be drastically reduced if the
entry bodies have highly swept bow-shock waves. Reference 2 indicates that in
the nitrogen--carbon-dioxide atmospheres of Venus and Mars, the radiative
intensities will be significantly greater than in air. The advantages of
using conical entry bodies to reduce total heating in these atmospheres are
shown by the analysis of reference 3.

Having established the desirability of conical shapes from heating
considerations, it must be ascertained, for a passive system, that the stabil-
ity of such vehicles flying in the Ny-COo atmospheres will be adequate to
insure proper orientation of its heat shield during the entry, and, in partic-
ular, that the vehicle's dynamic stability will be sufficient to prevent
divergent oscillations which could result in a mission faillure. Also, since
the constituents of the planetary atmospheres through which these vehicles
must descend are known only within certain limits (see, e.g., ref. L), it is
important to determine whether the aerodynamic characteristics of the vehicle
are sensitive to changes in gas composition and whether these characteristics
can be predicted satisfactorily.

The static and dynamic stability and drag characteristics of a conical
configuration were investigated in the prototype of the Ames Hypervelocity
Free-Flight Facility at nominal Mach numbers of 4.5, 9.0, and 13.5 and at
Reynolds numbers of 0.4, 0.8, and 1.2 million, respectively, based on free-
stream conditions and model diameter. The models were tested in a gas mixture
composed of 9-percent carbon dioxide and 9l-percent nitrogen (by volume) and
also in air. Two exploratory flights were also made with the models launched
backward to determine whether they would remain flying backward or, as
expected from calculations, would begin righting themselves to a nose-forward
attitude. Theoretical estimates of static stability and drag were made and
compared with the experimental results.

SYMBOLS
A reference area, maximum body cross-sectional area, meters®
C, arbitrary constant in equation (10)
Cp drag coefficient, total drag , dimensionless

gwA
CDO drag coefficient at zero angle of attack
cr, 1ift coefficient, llf:' , dimensionless
Cr, lift-curve slope, per radian
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pitching moment

g Ad

pitching-moment coefficient, ,» dimensionless

pitching-moment-curve slope, per radian

m 3y
3(ada/v)  3(&a/v)

damping-in-pitch derivative, , per radian

reference diameter, maximum body diameter, cm

average gravitational acceleration within the atmosphere of a
planet, m/sec2

altitude above planet surface, km

moment of inertia about a transverse axis through the center of
gravity, keg-m=

constant in equation (1)

dynamic-stability parameter for variable density (eq. (11)),
dimensionless

constants in equation (2), deg

mass of model, gm

Mach number, dimensionless

restoring-moment coefficients, defined by equation (A1)
restoring-moment coefficients, defined by equation (AH)
integer denoting number of complete tumbles of wvehicle
roll parameter, roll rate/velocity, radians/m

static pressure, newtons/m?

angular pitching velocity, radians/sec

free-stream dynamic pressure, newtons/m2

gas constant for atmospheric gas mixture, g% , m2/sec® °K

Reynolds number based on free-stream gas properties and maximum
diameter, dimensionless

time
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gas temperature, ok

horizontal component of flight wvelocity, m/sec

velocity along flight path, m/sec

distance along flight path, m

axial distance from model nose to center-of-gravity position, cm
horizontal coordinate normal to the flight path, m

coordinate normal to the flight path and y axis, m

angle of attack (angle between model axis and resultant wind direc-
tion projected onto the vertical plane), deg

angle of sideslip (angle between model axis and resultant wind
direction projected onto the horizontal plane), deg

reciprocal of atmospheric scale height, é% , per m

flight -path angle (referenced to the local horizontal), deg
dependent variable, - % + nn, deg

value of € at the first peak of oscillatory motion
damping exponents in equation (2), m™*

attitude coordinates of the model relative to Earth-fixed axis, deg
wave length of pitching oscillation, m/cycle

dynamic-stability parameter for constant altitude (eq. (5)), dimen-
sionless

atmospheric density, kg/m3

resultant angle of attack, tan_l\ftan2 a + tan® B , deg, or transverse
2

3¥-, when used in parameter (%) in equa-

tions (5), (8), and (11) and in table I, m

radius of gyration,

maximum resultant angle of attack, deg

minimum resultant angle of attack, deg

root-mean-square resultant angle of attack, < dx, deg

frequency, radians/sec
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W ,Ws rate of rotation of complex vectors which generate the model pitching
motion (eq. (2)), radians/m

(‘) first derivative with respect to time
(") second derivative with respect to time
Subscripts
cg center of gravity
env envelope
1 initial condition
max maximum
min minimum
o] conditions at surface of planet
o free-stream conditions
CONF IGURATION

The configuration selected had a 300 half -angle cone forebody. This
forebody, as is shown in references 1 and 3, is close to the optimum cone
angle for minimizing total heating at velocities well above escape velocity.
The afterbody geometry was selected by the requirement that the configuration
be stable only with the 300 half -angle cone pointed forward. This requirement
was fulfilled by the addition of a short cylinder and a rearward pointing cone
to the base of the forebody. The cylinder length of 0.125 model diameter and
the rearward pointing cone half-angle of 48° were selected to provide a coin-
cident center-of -pressure location for both base-forward and nose-forward
flight of the vehicle and also to provide useful volume. Figure 1(a) is a
sketch of a model of this configuration, giving pertinent nominal dimensions.

DESCRIPTION OF TESTS

Test Technique and Test Conditions

The tests were performed in the prototype of the Ames Hypervelocity Free-
Flight Facility by launching models from a deformable-piston, light-gas gun of
12.7 mm bore (ref. 5) into a quiescent mixture composed of 9-percent carbon
dioxide and 9l-percent nitrogen (by volume), and into still air at ambient
temperature. Nominal model velocities of 1.52, 3.05, and k.72 km/sec were



obtained corresponding to nominal Mach numbers of 4.5, 9.0, and 13.5, respec-
tively. In order to obtain adequate definition of the motions of the models
through the test section, with the given spacing of shadowgraph stations (see
below), the ambient test-section pressure was set at 4X10% newtons/m? (300 mm
of mercury), to give the desired wave length of oscillation. Corresponding
Reynolds numbers are shown in table I, which lists the average values of Mach
number, Reynolds number, and test gas for each flight. Gas samples taken
immediately prior to each firing in the N5-COp mixture were analyzed for chem-
ical content on a mass spectrograph and were found to contain the desired con-
centration of COz and Np within 1 percent, with only trace amounts of other

constituents.

The trajectory of the model through the test section was recorded by 11
spark shadowgraph stations located at 1.22-meter intervals. Side and top
views of the models were recorded at each station. The shadowgraphs contained
images of reference wires from which x,y,z,0, and ¥ coordinates were read.
The linear coordinates were measured to within 0.0076 cm, and the angles to
within 0.250. The orientation angles 0 and ¥V were read relative to Earth-
fixed axes. No corrections were made for the angle between the resultant wind
direction and Earth-fixed axes to gilve values of « and B since, for these
tests, these corrections were within the reading accuracy of the angles 6
and ¥. Time of model flight between stations was recorded with electronic
chronographs to within 0.05 microsecond (0.02 percent of the time of flight
between stations of a model flying at k.72 km/sec).

Models and Sabots

Sketches of the two types of models used in the present investigation,
showing pertinent nominal dimensions, are presented in figure 1. The after-
sections of the models shown in figure 1(a) were machined from TO75-T6 alu-
minum; the front sections of the models were machined from a tungsten-iron
alloy (Mallory 3000) to obtain a center-of-gravity location of 0.72 & from
the nose. These models were used in the tests at Mach numbers of 4.5 and 9.0.
However, a2t the highest Mach number (M = 13.5), the heating rates encountered
were sufficiently high to cause the models to burn in flight. It was found
that a thin plastic coating over the models provided a successful heat shield.
The coating consisted of a polymer of vinylidene fluoride sprayed onto the
model surface to a thickness of about 0.04 cm. The models were remachined and
trimmed to give a final coat thickness of about 0.019 cm. Figure 1(b) is a
gsketch of the coated models showing pertinent nominal dimensions. The after-
sections of these plastic-coated models were machined from a titanium alloy
since the heat-curing of the plastic was found to anneal the aluminum after-
gsection so that it deformed severely during the launch. The strength of the
titanium alloy was not affected by the curing. Since titanium is heavier than
aluminum, the size of the Mallory front section was adjusted (see fig. 1(b))
so that the center-of-gravity location of these models, prior to being coated,
was the same as that for the basic models - 0.72 d from the nose. The amount,
and consequently the weight distribution, of the plastic used in the coating
was small; therefore, the location of the center of gravity relative to any
point on the metal model did not change. However, the distance of the center
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of gravity to the new plastic nose of the coated model was increased by the
length of plastic deposited at the nose - approximately 0.038 em. Examination
of the shadowgraph pictures (fig. 2) of two of these models in flight at Mach
number 13.5 shows that although ablation of the plastic occurred during the
flights, any change in shape, particularly blunting of the tip, was insignifi-
cant. The position of the center of gravity for all the models was measured
within £0.0025 cm accuracy. The dimensions of the models varied only slightly
from those shown in figure 1. ©Some of the measured physical characteristics
of each model are listed in table I.

Photographs of the models and sabots are presented in figure 3. Three
different sabot types were used in launching the models: a straight sabot
(fig. 3(a)) for flights at angles of attack below 10°, a canted sabot
(fig. 3(b)) for flights at angles of attack as high as 45°, and a sabot for
launching the models in the base-forward attitude (fig. 3(d)). The canted
sabot was not always successful in producing high angle-of -attack flights and,
as can be seen in table I, resulted in a large number of low angle-of -attack
flights in the N5-COs; mixture. Tests using the canted sabot to launch the
coated models at a Mach number of 13.5 were unsuccessful because the models
broke up inside the gun. The straight sabot was successful in obtaining low-
angle flights at this Mach number. The sabots were machined from Lexan
polycarbonate plastic.

REDUCTION OF DATA

Drag

The determination of drag coefficient from the time-distance data was
based on the procedure described in reference 6, in which a constant drag
coefficient is assumed. A procedure applicable to cases where the drag coef-
ficlent varies with angle of attack is presented in reference 7. It is shown
in this reference that if the drag coefficient varies with the square of the
local resultant angle of attack, according to the relation

Cp = CDO + ko2 (1)

the drag coefficient obtained by the method of reference 6, under certain
additional constraints, is the drag coefficient that would be obtained in
steady flight at a resultant angle of attack equal to the root-mean-square
resultant angle of attack, Oppg. Accordingly, the present results are cor-
related with Oppg.

Stability Derivatives

The pitching and yawing motions of the models during free flight were
analyzed to determine the stability derivatives. Examples of the types of
motions encountered in the present tests, as viewed in the «-p plane, are
shown in figure 4. The angles of attack and sideslip measured from the



shadowgraphs at each station are indicated by the symbols. The curves show
the theoretical motions which best fit the experimental data and were computed
by a method which will be discussed later in this section. ©Since the models
are aerodynamically symmetric, the angular displacement of the model, at any
instant, can be represented also by the resultant angle of attack, o, whose
orthogonal components are the angles o and B. It can be seen in figure k&
that, in general, the data show precessing elliptical motions, and that the
angle range through which the models oscillate differs for each flight. Also,
it should be noted that the models in the tests at Mach numbers of 4.5 and

9.0 underwent two complete cycles of oscillation (figs. #(a), (b), (c), and
(a)), whereas the models in the tests at Mach number of 13.5, because they
were heavier (see discussion under Models and Sabots), underwent only one and
one-half cycles of oscillation (figs.4(e) and (f)). Although one and one-half
cycles of motion are usually sufficient to define the desired stability deriv-
atives, more cycles of well-defined motion will generally produce better data.

Stability derivatives were obtained from analysis of the pitching and
yvawing motions of the models. For each flight, the measured variation of «
and B with x was represented by the following equation:

B + ia = Kle(nfrlwl)X + 1<2e<”2"1‘”2)X + Kae ¥ (2)
Equation (2) is the solution of the linear differential equation of motion, as
given in reference 8, and includes effects of model spin and trim angle on the
motion. Some of the basic assumptions used in the development of this equa-
tion are: axially symmetric configuration, linear variations of force and
moment with angle of attack, small angular displacements, and small angles of
trim. Equation (2) programed for machine computation (ref. 9) was used to
select optimum values of all the constants by an iterative process of differ-
ential corrections. The curves shown in figure L4 were obtained by Titting
equation (2) to the experimental data. The closeness of the computed curves
to the experimental data is a measure of the reliability of the stability
results. The fitted curves for all the flights analyzed in this investigation
agreed with the measured sngles within the measuring accuracy.

The pitching-moment-curve slope, CmQ; was computed from the wave length
of oscillation by means of

82T
€, = oo (3)
A pAd
where
A= 28 (&)

The dynamic-stability parameter, £, defined as




2
d
= -y + (ong + ca() >
was determined from the constants 7, and Mo by means of the relation

A
Mot = o (6)

It has been shown in references 9 and 10 that £, in the form shown in equa-
tion (5), is a convenient parameter for describing the dynamic stability of an
unpowered vehicle in free flight at constant altitude. The values of £, pre-
sented in this report, were obtained from equations (2) and (6) which assume a
linear system over the angle-of-attack range covered during any one flight.
Each value of &, therefore, is the dynamic-stability parameter of an equiva-
lent linear system whose amplitude of oscillation would grow or diminish in
the same way as that experienced by the model.

RESULTS AND DISCUSSION

The experimental results of this investigation define the drag, static-
stability, and dynamic-stability characteristics of the configuration in the
angle -of -attack range from 0° to MOO, at Mach numbers of 4.5, 9.0, and 13.5,
in a gas mixture composed of 9-percent carbon dioxide and 91l-percent nitrogen
and also in air. The measured values of Cp, Cm@, and £, obtained from anal-
ysis of 65 separate model flights, are summarized in table I. These coeffi-
cients are based on the maximum model diameter and frontal area. Values of
Ops Og, and Oppg Ppresented in table I indicate the angle-of -attack range
through which each model oscillated during the flight. Full-scale enthalpy
values were duplicated in these tests and, as stated earlier, at the highest
Mach number (l3.5),the heating rates were sufficiently high to cause ablation
of the protective plastic coating on the models. These models survived the
flights without significant change in surface shape. The effects of gas dis-
sociation and surface ablation cannot be isolated but are implicit in the
experimental results. Shadowgraphs, typical of those obtained in the present
tests, are presented in figures 5 and 6 to illustrate gross features of the
flow fields, particularly the bow-shock wave. Theoretical estimates of static
stability and drag made using conical flow theory (ref. 11), and the equations
developed in reference 12, based on Newtonian impact theory, are compared with
the experimental results.

Drag Characteristics

The measured values of drag coefficient presented as a function of the
root-mean-square resultant angle of attack in figure T show that the drag
coefficient increases approximately 30 percent as the angle of attack is
increased from 0° to 28°. These data also show that in this angle -of -attack
range the configuration exhibits the same drag characteristics in alr as it
does in the carbon dioxide and nitrogen mixture. The drag coefficient 1s seen
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to decrease slightly (approximately 8 percent) as the Mach number is increased
from 4.5 to 9.0 but is seen to remain constant, within the scatter of the data,
for a further increase in Mach number to 13.5. Comparison of the experimental
results with values calculated for zero angle of attack using conical-flow
theory shows that although the theory is in excellent agreement with the exper-
imental data at Mach numbers 9.0 and 13.5, and predicts the correct trend with
Mach number, the theory underestimates the drag at Mach number 4.5 by about
6.5 percent. Estimates were made of the base-pressure contribution to the
drag for all three Mach numbers using a Prandtl-Meyer expansion around the
base of the model and flow deflection angles measured from shadowgraphs simi-
lar to those presented in figures 5 and 6. These estimates if applied would
raise the theoretical values at Mach numbers 4.5, 9.0, and 13.5 by about 6.5,
1.5, and 1 percent of the measured values, respectively, and would result in
excellent agreement with the experimental results. The effect of angle of
attack on drag is well predicted by Newtonilan flow theory.

Static-Stabllity Characteristics

The experimental values of the equivalent linear pitching-moment-curve
slope, Cp., are presented in figure 8 as a function of the maximum resultant
angle of attack, op. For a nonlinear system the stability results, unlike the
drag results, do not correlate with oypg 50 are presented as functions of
Op, which is convenient for the further analysis of the data by nonlinear
methods. The data have been corrected for the variations in center-of -gravity
location shown in table I to a common center-of -gravity position, 0.72 d from
the nose. With the exception of flight number 853 (see table I), these cor-
rections to the data of Mach number of 4.5 and 9.0 were small, usually within
I percent (the measuring accuracy of center-of-gravity position). However,
the corrections to the data of Mach number 13.5 were on the order of 20 per-
cent, since, as discussed earlier, at this Mach number the models required a
protective plastic coating which caused their centers of gravity to be at
0.733 & from the nose (see fig. 1(b)).

The data, in figure 8, show that the configuration is statically stable
throughout the angle-of-attack range investigated for each Mach number. These
data also show that the static stability is insensitive to changes in Mach
number from 4.5 to 9.0. Comparison of these data with the data at Mach number
13.5 shows that the combined influence of further increasing the Mach number
and introducing ablation is very small. The insensitivity of the static
stability to gas composition is also demonstrated. The stability decreases
with increasing angle of attack which indicates that the variation of pitching
moment with angle of attack is not linear for this configuration.

Estimates of Cp, at zero angle of attack calculated by means of conical-
flow theory (ref. 11) and Newtonian theory (ref. 12) are also included in this
figure. Comparison of these theoretical estimates (valid only at zero angle
of attack) with the experimental data shows both theories underestimate the
initial stability by about 20 percent.
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Several methods are available (refs. 13 to 17) which permit analysis of
the observed pitching and yawing motions of a symmetrical body having a non-
linear pitching moment to obtain Cyp as a function of «. The method of
reference 17, developed under the assumption that the nonlinear moment can be
described by an arbitrary integer-power series of the resultant angle of
attack, was used to analyze the data obtained in the present tests. Applica-
tion of this method to the data of this report is discussed in appendix A.

The local variations of pitching moment with angle of attack, extracted
from the experimental data shown in figure 8 by the above procedure, are pre-
sented in figure 9. Examination of the experimental data at the three test
Mach numbers shows, as expected, that the stability of the configuration is
little affected by changes in Mach number from 4.5 to 13.5. The small
increase in stability indicated at the higher angles of attack for an increase
in Mach number from 4.5 to 9.0 could very well be considered within the accu-
racy of the experimental data at these angles of attack. The variation of
piltching moment with angle of attack given by Newtonian theory and the initial
slope calculated using conical-flow theory are alsc included in figure 9. As
mentioned earlier, both theories underestimate the pitching moments at the low
angles of attack by about 20 percent; however, Newtonian theory predicts an
almost linear variation of Cj with «; whereas the experimental variation is
seen to be slightly nonlinear with angle of attack. The agreement between
experiment and theory, therefore, improves with increasing angle of attack and
i1s considered close throughout the entire angle-of-attack range of this
investigation.

Dynamic-Stability Characteristics

The results of the dynamic-stability measurements are presented in
figure 10, where values of the dynamic-stability parameter, &, are plotted as
a function of the maximum resultant angle of attack, op. Negative values of
¢ represent a convergent model motion (dynamic stability). These data show
that the configuration is dynamically stable throughout the angle-of-attack
range investigated for each Mach number and that it exhibits the same dynamic
stability in air as it does in the carbon-dioxide--nitrogen mixture. These
data also show that, within the scatter of the data, the values of & remain
constant with increasing angle of attack and increasing Mach number. A value
of & of -2.0 is a reasonable average for most of the data in figure 10, and
is approximately equivalent to a convergence of about T percent per cycle.
Examination of the data in figure 10 shows an appreciable amount of scatter in
the values of £ obtained at a Mach number of 13.5 for angles of attack below
10°. At these conditions, three flights gave values of £ close to -7.0,
which is approximately equivalent to a convergence of about 22 percent per
cycle, and one flight gave a value of & of about +.0, which is equivalent
to a divergence of about T percent per cycle. To determine the largest rea-
sonable variation in the experimental values of & for these flights, a
probable error of 0.25° in angle-of -attack measurements, determined statisti-
cally from many readings by several observers, was introduced to the input
data of these flights. These errors in the worst possible arrangements
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changed the values of £ by less than *1.0. Therefore, these values of &
are considered representative of the actual damping characteristics experi-
enced by the models in these flights.

There are several factors which might have contributed to the scatter
of these data. One such factor is of the possibility of model damage. Calcu-
lations indicate that the stress at the bimetallic joint of the models could
have, under an unusually high acceleration launch, equalled the compressive
strength. The shadowgraphs from all the flights at Mach number 13.5 under
high magnification, showed no evidence of deformation at the bimetallic joint
but a very slight discontinuity in the bow-shock-wave angle of some of the
models just ahead of the cylinder indicated there were surface deformations.
Although a compressive fallure of the titanium should not have caused this
discontinuity since the stress here should have been less than that at the
bimetallic joint, the sabots which grip this section of the models (see
fig. 3(c)) could have caused small irregularities in the plastic coating. Tt
was not possible, however, to correlate this effect with the values of §
which produced the large scatter. Another possible explanation is that the
scatter i1s due to effects of nonuniform ablation over the surface of some of
the models and/or variations in the amount of ablation from flight to flight.
Mass addition into the flow field about the body which resulted from ablation
of the plastic is visible in the wakes in figures 5(c) and 6(c). Tt has been
shown in reference 18 that mass addition could cause large changes in the
static stability, and consequently in the dynamic stability, of a body moving
at hypersonic speeds and that these changes in stability increase with
increasing mass addition and depend on the angle of attack of the body. For
the present tests, it was inferred from the experimental data presented in
figures 7 and 8 that ablation effects were not sufficiently large to signifi-
cantly affect the static stability and drag characteristics of the configura-
tion; however, the dynamic stability might have been influenced. One other
possibility is that the 1—1/2 cycles of oscillation at Mach number 13.5 (see
fig. 4) constitute a minimal smount of motion for defining the dynamic-
stability parameter when oy is small, especially when "trim" is present.
Some or all of these possibilities could have contributed to the scatter in
the dynamic-stability results at this Mach number.

Values of the damping-in-pitch derivative, Cpy + Omd’ were calculated by
means of equation (5) using the values of & (fig. 10) and Cp (fig. 7) meas-
ured from the present tests, with values of Cr, estimated by conical-flow
theory, and are presented in figure 11 as a function of 0oy. These data show
the same trends as those observed for the values of £ 1in figure 10, namely,
constant dynamic stability for the configuration throughout the Mach number
and angle-of ~attack range investigated. It is interesting to note that the
values of Cp, + Cmd have the same sign as the corresponding values of §
and are about “one-ténth as large. Thus, as seen from equation (5) the combi-
nation of & stabilizing 1ift-curve slope (positive value of CLa) and the
stabilizing damping-in-pitch derivative overshadow the destabilizing contri-
bution of drag to produce a convergent motion in constant speed flight at
constant altitude.

12
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Stability Characteristics for Large Amplitudes of Oscillation

The present configuration is intended to be statically stable about only
one trim attitude, nose forward about zero angle of attack. Although experi-
mental measurement of the amount of static instability (positive value of
Cma) provided for in the design of the configuration about the base-forward

trim attitude of 180° was beyond the scope of the present investigation, two
exploratory flights were made with the models launched backward to determine
whether they would remain flying backward or, as expected from calculations,
would begin righting themselves to a nose- forward attitude. The models were
launched at an initial angle of attack near 180° (see fig. 3(d)) at the same
test conditions mentioned previously for the other flights at Mach number 9.0,
namely, nominal model velocity of 3.05 km/sec and test-sectlon static pressure
of 4x10% newton/m2 (300 mm of mercury) .

The measured time history of the angular orientation for one of these
flights (flight T03), presented in figure 12, shows that although there was
only about one-half cycle of oscillation in the available 12.2-meter-length
test section, the model did not remain in the base-forward orientation and did
not tumble but achieved a nose-forward orientation and appeared to be oscil-
lating about zero angle of attack with amplitudes of oscillation as large as
165°. This result indicates that the configuration is statically stable only
about the nose-forward trim attitude of zero angle of attack. Another inter-
esting and important possibility is suggested by this result and by the knowl-
edge that for flight at constant or slightly decreasing dynamic pressure a
model having negative or neutral dynamic stability would be expected to
tumble. Since the model in this flight did not tumble, it is indicated that
the dynamic-stability characteristics of the configuration, over this large-
amplitude range, are such as tc produce a convergent motion.

To investigate the dynamic-stability characteristics of the configuration
over this large-amplitude range and to substantiate the result of flight 703
that the configuration has a unique nose-forward stable attitude, the second
flight (flight 663) was conducted in the Ames Pressurized Ballistic Range
(in air) which enabled the trajectory of the model to be recorded over a
62 -meter length in 24 shadowgraph stations, thus providing several cycles of
oscillation. The measured time history of the angular orientation for this
flight presented in figure 13, along with that of flight 703, shows, as did
flight 703, that the model did not remain in the base-forward orientation and
did not tumble but again achieved a nose-forward orientation and oscillated
about zero angle of attack with large amplitudes of oscillation. (Tt should
be noted that the model experienced about a 68-percent decrease in dynamic
pressure during this flight. } Further examination of the experimental data in
this figure shows that although the time history for flight 663 is not as well
defined as that for flight 703,1 the model in this flight achieved almost
exactly the same peak amplitude at the first peak of oscillation as did the

1A1though the wave length of osc1llat10n was approx1mately the same for
both flights the observation stations in the PHFF facility are spaced at
1.22-meter intervals while the shortest spacing between the observation
stations in the PBR is 2.13 meters.
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model in flight 703. This almost exact duplication of the motions for both
flights provides strong experimental evidence that the configuration is stati-
cally unstable about the trim angle of attack of 180° and will begin to over-
turn, immediately, to a nose-forward orientation and oscillate about its
unique stable trim attitude of zero angle of attack. Since evaluation of the
stability derivatives from analysis of the high-amplitude experimental data of
flight 663 could not be accomplished using the method presented earlier

(ref. 8) to extract these derivatives from low-amplitude motions, an attempt
was made to generate a theoretical motion which would provide a good fit to
the experimental data and allow the desired stability derivatives to be
inferred. The differential equation of motion of a missile oscillating in
pitch at constant altitude (see ref. 10), written with respect to time as

os A . .
a - %V kia - gAdCy = O (7)
where
A 2
ki = _CLCL + (Cmq + Cmd)<g> (8)

was programmed for numerical integration by a computer. Eguation (7) was
iterated upon to obtain the best match to the experimental data. The time
variation of pitching moment with angle of attack given by Newtonian theory,
the time variations of dynamic pressure and velocity measured for this flight,
along with various values of k,; were used as inputs for these calculations.
These calculations were initiated at the first peak value of a, 164°, where
the value of & is zero. The theoretical motion obtained in this manner
which best fit the experimental data is presented in figure 13 and is seen to
be an excellent representation of the actual motion experienced by the model
during this flight. This excellent agreement between the theoretical motion
and the experimental data indicates that the pitching moments predicted by
Newtonian theory for this configuration are very close to the actual pitching
moments experienced by the model throughout the angle-of-attack range from o°
to 180°. (It should be noted that according to Newbonian theory the configu-
ration is stable only in the nose-forward attitude.) Further examination of
the data presented in figure 13 shows that the theoretical motion is conver-
gent (the value of ki was -1.15 and, as can be seen, is equivalent to a
convergence of about 4 percent per cycle), which indicates that the configu-
ration is dynamically stable, about zero angle of attack, throughout the
entire angle-of-attack range from 0° to 180°.

Application of the Present Results to a Full-Scale Vehicle
Pagsively Entering the Atmosphere of Venus

To determine the significance of the present results when applied to a
full-scale vehicle passively entering a planetary atmosphere, calculations
were made of the oscillatory behavior of the present configuration, initially
oriented base forward, flying an example entry trajectory through a model of
the Venusian atmosphere. Studies of the oscillatory behavior of missiles
entering the atmosphere on ballistic trajectories (ref. 19) have shown that
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the rapid increase in atmospheric density experienced by such vehicles
strongly damps their oscillations. For the present example, two entry trajec-
tories were considered: one, using an initial flight-path angle, 75 of 89°
which corresponds to a steep entry; and the other using a 7¥; of 40°. These
values for 75 and the following assumed initial conditions were used to
compute the entry trajectories for this example:

V; = 11.43 km/sec

160 km

Y4

m/CpA = 156.8 kg/m?
The atmosphere used in these estimates was one selected on the basis of infor-
mation presented in reference 20. As shown in reference 21, this atmosphere
can be closely approximated by the well-known assumption that the atmospheric
density varies exponentially with altitude
-Byh

P = Pt By

for the altitudes between 160 km and 40 km (the altitudes of interest in the

present example). This assumption and the following corresponding values of
these parameters for Venus (see ref. 21) were applied to the present example:

By

Po

1.58X10_4 per m

I

531 kg/m®

These conditions define the entry trajectories considered. ©Some of the tra-
jectory parameters, namely, the variations of velocity and dynamic pressure
with altitude, were computed using the above conditions in equations derived
in reference 22 and are presented in figure 14. Tt can be seen from this
figure that maximum dynamic pressure occurs at an altitude close to 65 km for
both trajectories.

Analyses which describe the oscillatory motions developed by vehicles as
they descend through a planetary atmosphere are presented in references 23
and 24%. The analysis presented in reference 23 allows for an arbitrary ini-
tial angle of attack (nose forward or base forward) but assumes the aerody-
namic damping of the vehicle to be zero. The analysis presented in
reference 24 allows for aerodynamic damping of the vehicle but assumes con-
stant aerodynamic coefficients which requires the vehicle to be initially
oriented nose forward at a low angle of attack. Since the vehicle, for the
present example, is to enter the Venusian atmosphere initially oriented base
forward, the analysis of reference 23 was used to describe the oscillatory
motions for the portion of the trajectory for which the aerodynamic damping of
the vehicle could, in fact, be considered negligible compared to damping due
to increasing dynamic pressure (see ref. 19). This analysis showed the vehi-
cle to be oriented nose forward and oscillating at low angles of attack at a
point in the trajectory prior to reaching dp.y. It was therefore possible to
use reference 24 to determine the effect of the measured damping on vehicle
motions for the remainder of the trajectory.
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Reference 23 shows that under the assumptions made in the analysis the
envelope of these oscillations, expressed in terms of significant vehicle and
planetary properties, can be written as

2 2 . .)e'th /4
(tan €)env _ o -By  sin® 73Ly erhe(CDpoA/va sin 74

tan €p 2poAdemaX

(9)

For the present examples, the vehicle was assumed to be initially oriented
base forward at an angle of attack of 179°, with zero initial pitch rate,
which gives values of the parameters C and G of 0.796 and 0.0215, respec-
tively. (The parameters C and G are dependent on the initial angle of
attack and initial pitch rate assumed and cannot be evaluated explicitly;
their values are determined from charts presented in reference 23.) The
following physical properties of the vehicle were assumed

A =0.7T71L mn=

d=10mn

Ty = 6.4 kg-m®

m = 6.66 kg

Cp = 0.55
Crpoy = ~0+0835

where Cppo, 18 the maximum value of pitching moment estimated using
Newtonian theory. Values of the envelopes of oscillations, (@)env; computed
are presented in figure 15 as a function of altitude. The results in this
figure shovw that for that portion of the entry prior to qp., the motions,
for both entries, converge very rapidly so that at the altitudes where heating
is most severe (between 80 km and 65 km, see fig. 14), the amplitudes of
oscillation of the vehicle are less than 35°. These results also show that
for the altitudes subsequent to qp .., an analysis which assumes the aerody-
namic damping of the vehicle is zero predicts highly divergent motions. How-
ever, as was shown in figure 10, the present configuration possesses positive
aerodynamic damping and the effect of this positive damping on the oscillatory
motions must be included in the analysis.

Reference 2k shows that for constant aerodynamic derivatives the envelope
of oscillations has the simple form
-K
chu /2
Smax T T /4

%o

(10)
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It also has been shown in this reference that the dynamic-stability parameter
K, in the form

K = % [—CLOG + (Cmg + Cmoz)(%)j (11)

i1s a convenient parameter for describing the dynamic stability of a vehicle
descending through a planetary atmosphere. It can be seen from a comparison of
equations (5) and (11) that K can be expressed in terms of & and Cp as
follows

K= _1 (12)

Cp
Values of K computed from the measured values of § (fig. 10) and Cp
(fig. 7) are presented in figure 16 as a function of opy. From these data it
was considered that a value of K of -3.0 would be a conservative mean value
to use in equation (10). This value of K and the example entry trajectories
presented earlier were introduced into equation (lO), expressed in ratio form,
and values of the amplitude ratio, (a/ai)max, were computed. These calcula-
tions were initiated at an altitude of 80 km, since, as can be seen from fig-
ure 15, the oscillatory angles of attack of the vehicle below this altitude
are less than 36° and, as demonstrated in figures 9 and 16, the aerodynamic
derivatives of the configuration can be considered reasonably constant in this
angle-of -attack range. Values of (q)env were computed from the ratio
(q/ai)max using the angles of attack at 80 km given by the analysis of refer-
ence 23 as initial angles of attack (36° for the 75 = 89° case and 30° for
the 7; = 40© case) and are presented in figure 15. These results show that at
altitudes below that for qps, the effect of the measured aerodynamic damping
of the configuration overshadows the effect of decreasing dynamic pressure to
produce a strongly convergent motion. The amplitudes of oscillation at an
altitude of 56 km for both examples are seen to be less than 50, Therefore,
from these calculations it is indicated that the present configuration, ini-
tially oriented nose forward or base forward, should experience highly conver-
gent pitching oscillations during entry into the postulated atmosphere of
Venus .

SUMMARY OF RESULTS

The results of an experimental investigation tc determine the stability
and drag characteristics of a conical configuration at Mach numbers of M.S,
9.0, and 13.5 and Reynolds numbers from O.4 to 1.2 million in a N5-COs mix-
ture and in air are as follows:

1. The static stability, dynamic stability, and drag of the configura-
tion are the same in air as in a gas mixture composed of 9-percent carbon
dioxide and 9l-percent nitrogen for the entire range of Mach numbers and
angles of attack of this investigation.

17



2. The configuration is statically stable about an angle of attack of 0°

(nose-forward orientation) for the assumed location of center of gravity,

0.72 4 from the nose. Strong evidence is presented which shows that the
configuration is statically unstable about a trim angle of attack of 180°
(base-forward orientation), so that, if initially oriented base forward, it
will reorient itself to a nose-forward attitude. The static stability is
essentially invariant with Mach number and slightly nonlinear with angle of
attack in the angle range up to 40°.

3. The nonlinear variation of pitching moment with angle of attack was
closely approximated by a two-term power series of the resultant angle of
attack.

4. The configuration is dynamically stable for steady flight at constant
altitude. For this condition and for initial amplitudes of oscillation as
high as 40°, the models experienced pitching motions which converged at the
rate of about 7 percent per cycle. Also, there is strong indication that the
configuration is dynamically stable at pitching amplitudes approaching 180° so
that it will oscillate about the nose-forward stable attitude with diminishing
amplitude of oscillation. Analysis of the large amplitude oscillations of a
model concurrently experiencing a rapid decrease in dynamic pressure with time
showed a convergence of about 4 percent per cycle.

5. The drag coefficient of the configuration decreases approximately 8
percent for an increase in Mach number from 4.5 to 9.0 but remains constant
for a further increase in Mach number to 13.5. The drag increases approxi-
mately 30 percent, for each Mach number, as the angle of attack is increased
from 0° to about 28°.

6. The variation of pitching moment with angle of attack given by
Newtonian theory is in close agreement with the measured variation for the
angle-of -attack range from 0° to about 360, although Newtonian theory and
conical-flow theory underestimate the initial slope by about 20 percent.
Furthermore, it is indicated that Newtonian theory gives close estimates of
the pitching moments of this configuration for the entire angle-of -attack
range from O° to 180°. The drag of the configuration was accurately estimated
by conical-flow theory at zero angle of attack and was closely approximated by
Newtonian theory for the angle-of-attack range investigated, O° to about 28°.

7. Calculations indicate that the measured stability characteristics
of the present configuration should be adequate for orienting the vehicle
properly during a Venus entry. For any initial orientation of the vehicle
(nose forward or base forward) the pitching motions should converge to a very
small fraction of the amplitude at entry.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif., Dec. 18, 1964
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APPENDIX A
APPIL.ICATION OF NONLINEAR PITCHING-MOMENT ANALYSIS

A method which permits analysis of the pitching and yawing motions of a
spinning symmetrical body having a nonlinear pitching moment to obtain the
pitching moment as a function of angle of attack is described in reference 17.
The method allows for a more general reduction of free-flight data by assuming
that the restoring moment can be described by an arbitrary power series of the
resultant angle of attack, of the form

M(o) = -Z Mo (A1)
n=o

where

M(o) = 3%9 Cm (42)

A simple expression is then derived which relates the frequency of oscillation,
w, obtained from data analysis with linear equations, to the maximum and mini-
mum amplitudes for an infinite number of possible moment combinations. This
expression, which includes the nonlinear inertial terms due to spin, is (see

ref. 17) D
n

o
My, Omn+4 + Oon+4 Omz + 002 =
n + 2 2 2

8
w2 = BT : (43)

By use of this expression, values of the restoring-moment coefficients, My,
can be obtained from the cbserved frequencies of oscillation and amplitudes of
independent flights of the models at similar flight conditions but with differ-
ent amplitudes of oscillation. Equation (A3), as discussed in reference 17,
is an approximate solution which becomes exact in the limit of circular motion,
that is, equal pitch and yaw, 90° out of phase and is least accurate for the
case of planar motion. As can be seen from examination of figure 4, the
motions to be analyzed for the present investigation are fairly planar. How-
ever, the applicability of the method to the case of planar motion was
examined in reference 17 for certain assumed moment representations for which
exact solutions are possible. Comparison showed that the approximate solution
(eq. (A3)) gives results extremely close to the results obtained from exact
solutions. Further comparison in reference 17 shows, again for the case of
planar motion, that the approximate solution gives results that are, for the
most part, more accurate than results obtained by the technique of refer-

ence 13. Therefore, a high degree of confidence in the applicability of this
method to the data of this report is justified.
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Application of the method to the present experimental data was
accomplished in the following manner. Equation (A3), which allows for an
infinite number of possible moment combinations, was limited, from practical
considerations, to the first seven terms written as

5
5 5 2 2 3
O * 9% <Qm + 0o>
gAd 2 2 s

_’Cmq_,=MO+'§_Ml

1 (op2 - 052)°
z
O’ + 05" <cm2 + 002>2
3 2 2 8 2 2
+T Mz(0p,™ + 0,%) + = Mg - =
(o~ = 0,7)
=) o 2 8
op° + Op <qm + OO%>2
A M (70 % + 1002 + 70.%) + 8 u - e
12 74t m m o 7> (0.2 + g.2)2
m o
4
+-§% Mg(30,,° + 50, 002 + 50,%0,% + 30,°) (Ak)

(For convenience, since values of Cp_ are available from the linear analysis
of the experimental data, the substit&%ion w2 = (qu/Iy)Cma, was made in
equation (Ak4).) An examination of the experimental data in figure 8 indicated
that the nonlinearities could not be considered large; therefore, it was
decided that a two- or three-term moment in the resultant angle of attack
would adequately represent the moment curve. Equation (A4) was programmed for
machine computation so that all possible moment combinations, each containing
the linear term, My, plus one and two members of the set (M1, Mo, Mz, Mg, Ms,
Mg ) were fitted to the data by the method of least squares. The results are
presented in figure 17, which shows the pitching-moment curves given by the
various assumed moment representations that best fit the experimental data for
each Mach number. The linear plus cubic pitching-moment curves are also
included in this figure. (These pitching-moment curves are the same as would
be obtained by the method of reference 15, which develops this case exclu-
sively.) It is evident from these results that for the angle-of-attack range
investigated the moment curves given by the best two- and three-term moment
approximations for a particular Mach number are close enough together that it
is unnecessary to choose between them. Furthermore, since the results show
that the nonlinear pitching moment can be closely approximated by the simplest
of the moment representations tried, namely, a two-term moment representation,
the applicability of the method to the data of this report rests on the
approximate linear relationship of Cp, with the maximum and minimum ampli-
tudes of the motion. Therefore, in order to determine the validity of this
assumption, values of Cp, were plotted as a function of the appropriate
amplitude term given in equation (Ak) for a one-three moment representation at
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Mach number 4.5 and for a one-four moment representation at Mach numbers 9.0
and 13.5 for each flight and are presented in figure 18. It is evident from
this figure that the data fall very closely along straight lines for each

Mach number and, therefore, the particular two-term moment representations of

the method are excellent approximations.
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TABLE I.- TEST CONDITIONS, MODEL MEASUREMENTS, AND TEST RESULTS

Rex107°,
Flight Test gas M | based on | Cp (112231«), 3 Cmg + Cmg, K “m; | 05, |%ms?| 4, g | Mass,
a Xeg _ .72 4 deg deg deg cm d g
5 .
(a) Nominal Mach number = 4.5
707 9% C05-91% N5 | L4.27 0.380 0.631 -0.101 -1.65 -0.16 -3.61| 8.25 | 0.58{ 5.61|1.015 | 0.719 | 1.732 2. 8.48 |
708 AR .390 614 -.098 -1.33 -2 -3.17| 6.39 .33 | k.62 1.013 L7166 | 1073k 2, 8.57
709 4,55 .398 612 -.098 =344 -.36 -6.62| 5.04 .31} 3.26 ] 1.0L L7118 | 1.728 2. 8.50 |
T10 k.56 .398 613 -.100 -1.91 -.18 b2 5075 .2k | 3.88| 1.0L -718 | 1.738 2. 8.hg"
813 4,50 .370 681 -.097 -1.46 - 1k -3.14 1 19.68 .97 113.15 | 1.013 L7161 1,752 2. 8.36
815 4,35 .395 .650 -.097 -1.52 -1k -3.3%115.39 | 2.54 [ 10.29 | 1.01L 8 1.7k 2. 8.53
816 k.50 RiToll .631 -.101 -3.10 -.33 -5.91110.95 | 2.21 | 7.521 1.016 72k | 1.7k 2. 8.46
817 L. 49 o2 625 -.105 | -1.91 -.19 ko6l 9.7k 581 6.59|1.016 | 7201 1.752 2. 8.4k
818 f 4,50 .397 626 -.103 | -2 | -.25 -bho1 | T7.48 .33 1 4.8911.010 \ 723 | 1.728 2. " 8.50
820 © k23l 375 .633 -.103 -1.24 ¢ -1l -2.96 | 8.43 61| 5.84% 1 1.014 L720 | 1.734 2. 8.55
846 b 47 L1 L 616 -.103 - -0.86 -.06 -2.40 | 7.32 At oh95'1,018 1 L71T7T | 1.755 1 2. 8.61 "
ghy | L.32 +  .390 637 -.102 -1.12 -.09 " -2.75, 9.27 .33} 6.20 1.018 | .720 | 1.733 2. 8.59
848 Lio ! k2 .610 | -.102 -2.08 | -.20 -kt 5,02 201 3,14 1.015 . 722 1.750 2. © 8.63
ok 4. 4o ’ .399 .80k -.073 -1.23 -.13 | -2.53 39.34 .29 1 27.19 1.015 | .721  1.734 2. 8.46
oLg b1 ! 135 672 -.095 | -2.13 -.22 b -kt 22,07 | 1.89 1440 1.016 723 1.728 , 2. 8.45
950 k.32 379 0 LThe -.08 ! -2.18 -.23 -3.94 130.32 | 1.27 ;20.9% 1.016 723 1.725 2. 8.47
95L I, 64 h31 TTh -.079 -1.69 . -.18 -3.1835.27 | 1.b3 25.23 1.016 L7160 1.73% 2. . 8.6
958 L 6y Lol 733 -.089 -1.45 -.15 -2.98 129,10 = 1.09 ' 19.89 1.01k4 716 1.753 2. D 8.46
962 4,70 RN 611 - -.105 | -1.87 -.18 o6 T7.70 0 43| 5.33 1.015 LT19 1.730 2, 8.4
1173 v 4,58 ' e .822 -.076 -0.84 -.08 -2.02  38.27 ' 2.04 | 27.73  1.0n STLT O 1.785 2. 8.62
1183 L.52 | i .823 -.0Th L -Lhg -.16 ; -2.81 , 41.29 6.31|29.07 1.01 .T22 1,738 2. 8.54
711 Air b, 51 I .ho8 p 605 -.100 -2.68 -.28 . -5.h3‘ 5.59 1 .34, 3.83 1.01k ‘ .T20  1.739 2. " 8.23
853 k.02 o1 .702 -.090 -1.05 “ -.09 | =2.50 | 23.48 .08 116.15 1.052 | .732 1.830 , 2. 8.73
963 k.59 6 .830 -.071 -2.35 | -.26 l-3.83 0.6 | 1.21|28.12 1.015 | 722 173k 2. 8.k0
(b) Nominal Mach number = 9.0

698 9% C0,-91% No | 9.03 .810 .561 -.103 -0.89 -.06 -2.59 | 8.07 .36 5.70 | 1.014 718 | 1.735 2. 8.09
699 8.89 766 581 -.096 -1.76 -.17 -4.03 | 11.93 571 8.35( 1.013 719 | 1.731 2. 8.00
700 9.4%0 .8h1 .586 -.093 -1.68 -.16 -3.87 | 13.8k .60 [ 9.91( 1.01k JT21 | 1.728 2. 8.14
701 8.90 .T9L 567 -.097 -2.54 -.26 -5.48 | 9.56 Lol 6.4 1,01k .T18 | 1.738 2. 8.1k
702 8.93 .813 .561 -.095 -2.56 -.27 -5.56 | 7.96 J2 | 5.4k 1,010 720 | L.7hb 2, 8.12
805 9.16 .825 611 -.091 - ——— --- | 19.45 | L.37|1k.66 | 1.015 .723 | 1.685 2, 8.52
806 8.81 778 .569 -.093 -1.80 -.16 -h16 | L.43 23| 3.1L1.015 716 | 1.715 2. 8.35
807 8.94 .812 595 -.096 -1.62 -.15 -3.72 1 1467 | 1.99 1 9.87 | 1.01h 716 | 1.707 2. 8.%0
808 8.63 173 .620 -.096 -2.08 -.21 -k.35 | 20.38 77 {1%.08] 1.018 722 | 1.733 2. 8.4
809 8.38 .759 710 -.088 -1.60 -.16 -3.25 | 31.15 | 2.28 | 21.85| 1.020 .T22 | 1.735 2. 8.52
810 9.91 .885 637 -.092 -2kl -.25 -4.83 | 22.62 | 3.39 | 15.76 | 1.018 716 | 1.750 2. 8.47
952 9.13 .58 .598 -.100 -1.58 -1k -3.64 | 16.20 81]10.61| 1.016 723 | 1.735 2. 8.47
953 9.23 .852 .610 -.101 -2.32 -.23 | -4.80 | 19.13 | 1.2k | 12.56 | 1.016 LT2L | 1.749 2. 8.51
95k 9.71 .888 616 -.093 -1.88 -.18 -4.05 | 20.53 10| 13.66 | 1.016 .723 | 1.720 2. 8.40
955 1 9.kl 967 .609 -.09k4 -1.32 -.12 | -3.17(19.71 | 1.25|13.221 1.015 720 | 1.725 2. 8.36
956 | 9.19 .850 610 -.097 -1.82 ; -.17 1 -3.98 | 18.72 90 | 12.43 ] 1.0k L7211 1.735 2, 8.41
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TABLE I.- TEST CONDITIONS, MODEL MEASUREMENTS, AND TEST RESULTS - Concluded
ReX10™®, - 8
i ; P 0o Oymg? d, |[x Mass, | IyX10~, 2
Flight Test gas M basgd on Cp g(_:cLénear) , £ Cny + Cung, K Fiod dgg ‘Ii'lélg o _z_g_ p ig-mz <%> ;
=% = 0.72
(b) Nominal Mach number = 9.0 - Concluded
957 [ 9% C05-91% Na l 9.28 . 0.871 ] 0.631 -0.096 ! o bo-0.6 -3.71 | 23.18 | 1.2% | 14.83,1.015 .719 | 1.742 2,12 8.45
959 ' 9.30 | .84 600 -.099 ' -1.79 ! -.17 -3.98 ) 17.87 | 1.92 | 11.79| 1.015 - .719 | 1.748 2.15 8.37
960 9.46 871 .578 -.093  -1.15 -.26 ~2.99 13.05 | 2.0k 8.76| 1.015; .718 | 1.738 2.1k 8.38
© 1171 9.17 = .83 613 -.099 ' -2.70 -.28 -5.40 | 18.66 | k.19 | 12.47]1.015| .718 | 1.733 2.12 8.45
117k 8.63 96 .59k -.100 ) -3.2T7 | -.35 -6.50 | 15.27 | 3.92 | 10.49|1.015| .717 | 1.7%2 | 2.1k | 8.40
1182 8.95 825 1 .T36 -.086 ~1.74 -.18 -3.36 | 35.77 | 3.53 | 25.05 1.013| .718 | 1.752 2,11 | 8.54
1184 8.92 791 609 -.102 =177 -7 -3.91 | 17.97 | 2.30 | 12.23| 1.013 | .717 | 1.740 2.11 8.50
697 Air 8.97 827 .555 -.096 -2.81 -.30 -6.06 7.56 .21 5.06 | 1.013 | .719 | 1.730 2.10 8.02
804 8.16 727 .558 -.101 -2.43 -.2h -5.06 7.78 .52 5.11 | 1.0k | ,718 | 1.749 2,15 8.36
965 9.33 .8k .582 -.097 -2,36 -.24 -5.05 | 15.17 | 3.39 | 10.12| 1.016 | .720 | 1.732 2,13 8.40
1170 8.8k4 .815 617 -.094 -2.hp -.25 -bh,92 | 21.00 | k.17 | 1%.05|1.015]| .719 | 1.740 2.1k 8.40
703 9% C02-91% Ny | 8.36 721 - - --- - - 164 o --- | 1.015| .720 | 1.736 2.11 | 8.45
663 Alr 6.94 6ok .879 - -—- --- ——— 164 0 --- | 1.015 ] .720 | 1.730 2,10 8.47
(¢) Nominal Mach number = 13.5

978 | 9% C0x-91% Ny : 1k.32 | 1.25 } .552 ] 093 | =TT -.0k -2.50 | 1.98 .79 | 1.32 1.052] .728 | 2.865 | 3.43 9.2
979 | f1k.0L 1.28 .603 ~.096 -3.06 -.29 -6.07 | 19.65 | 2.67| 13.9811.053 ] .735 2.869 ' 3.43 - 9.282
982 13. 44 1.30 .560 ! -.105 2,21 +.28 +2.95 8.3+ 1.26 5.87 1.051| .73k | 2.848 3.38  9.31
983 13.56 1.31 551 -.100 -1.57 -.12 -3.85 8.52 1.29 5.93 1.054| .738 | 2.861 | 3.41 9.3k
985 13.31 1.24 .T10 -.091 -3.52 -.35 -5.96 | 29.15 | 1.83 | 21.38] 1.052| .728 | 2.856 3.2 9.25
986 13.64 | 1.32 .558 -.100 -6.56 -.66 -12.76 | 8.56 4o | 6.38) 1.054 | .T32 | 2.861 | 3.39 | 9.36
988 13.43 1.27 .553 -.099 -k,o7 - -8.72 Lok .32 2,76 | 1.054 | 727 | 2.862 3.41 1 9.33
989 13.75 1.29 563 -.099 -3.17 -.30 -6.63 { 11.95 | 1.6k 8.22| 1.054 | .730 | 2.856 3.4 9.31
1178 13.72 1.27 565 -.102 -5.07 -.51 -9.97 9.91 | 2.46 7.19| 1.054 | .733 | 2.858 3.46 9.18
1181 13.82 1.29 585 -.095 -2.22 -.20 -4.80 | 16.9% | 1.51 | 11.93| 1.054| .731 | 2.850 3.4L 0 | 9.21
987 Air 13.89 1.30 545 -.095 -2.65 -.2h -5.86 3.77 .76 2.75 | 1.054 | 736 | 2.857 3.37 9.4k2
1169 13.85 1.3k .552 -.099 -1.93 -.16 -k.50 7.06 .9k 5.06| 1.054 | .733 | 2.858 3.39 9.37
1177 13.77 1.28 Sk -.098 -7.68 -.79 -15.03 5.57 | 1.28 4,01{1.053| .73L | 2.872 3.47 9.18
1180 13.74 1.27 .53k -.100 -7.11 -.72 -14.30 .41 .36 1.01 1.054 | .738 | 2.862 3.45 9.23

o s . A




26



7075-T6 aluminum

Mallory 3000

Center of pressure (Newtonian) i
Moment reference center
48°
- - d=1.02cm
ST i
30°
- — 72d — .125d
ol — 77d — -
< .44d —-————®»
(a) Model.
Vinylidene fluoride .0I9cm thick
Titanium w
Moment reference center
i \G 48°
-~ d=1.05cm

Mailory 30001

|
~

30°

- 733d ——»

1.45d -~

.125d

(b) Plastic-coated model.

Figure 1.- Sketches of models showing nominal dimensions.
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ae

First station.
(a) No-COs

First station.

(b) Air

Figure 2.~ Shadowgraphs showing negligible tip blunting on ablating

Last station.

plastic-coated models; M = 13.5.
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(b) Model with canted sabot.

(c) Plastic-coated model with straight sabot. () Model with sabot for base-forward

Figure 3.- Photographs of models and sabots.
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(a) Flight 848; M = 4.5 (b) Flight 951; M = 4.5

Figure 4.~ Typical pitching and yawing motions produced by the models.
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(¢c) Flight 806; M = 9.0
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Figure 4.- Continued.

(d) Flight 809; M = 9.0
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-g L -4 -30L
-2 0 2 -10 0 10)

B, deg B, deg

(e) Flight 987; M = 13.5 (f) Flight 985; M = 13.5

Figure 4.- Concluded.




(c) M =13.5

Figure 5.- Shadowgraphs showing flow-field phenomensa of models flying in a
O-percent carbon dioxide, 9l-percent nitrogen mixture.
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(e¢) M = 13.5

Figure 6.- Shadowgraphs showing flow-field phenomena of models flying in air.

3k ‘



(c) M = 13.5

Figure 5.~ Shadowgraphs showing flow-field phenomena of models flying in a
O-percent carbon dioxide, 9l-percent nitrogen mixture.
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Drag coefficient, Cp

4 Conical -flow theory, M=9.0 and 13.5
Symbol| M Test gas |
| o 45 | 9%C0O2 -91% Ny |
o m 9.0 | 9% C0O2 -91% N2
O 13.5 | 9% CO2 -91% N2
Solid symbols indicate air data
| | | 1 | ] | | ¥
0 4 8 12 16 20 24 28 32 36

Root - mean -square resultant angle of attack, orms, deg

Figure 7.- Drag results.
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Pitching-moment curve slope, Cr,, Per radian

O

Symbol| M Test gas

o 45 | 9%C02 -91% N2
B o 90 | 9% C02 -91% N2
O 13.5 | 9% CO2 - 91% N»

Solid symbols indicate air data

o.‘"ﬂ\ 9, a
*% SR 0@ | 50 Tefym o 8 oo .
—Newtonian theory © 05 g0
Conical flow theory, M=45 to 13.5
| | | | 1 | 1 I | | |

4 8 12 16 20 24 28 32 36 40 44
Maximum resultant angle of attack, om, deq

Figure 8.- Static stability results (linear analysis of data), xcg/d = 0.72.
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Figure 9.- Comparison of experimental pitching-moment coefficient with theory; xcg/d = 0.72.
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Dynamic stability parameter, & (constant altitude)

Symbol | M Test gas
B o 45 | 9%C02 -91% N2
] 9.0 [ 9% C02-91% N2
B O 13.5 | 9% CO2 -91% No
Solid symbols indicate air data

102
e
% Oho ° oI
Elooogo @ 0O9b n o °© & @
S TR .
© O
o
_® *
- | | | | | I | | | | |
@) q 8 12 16 20 24 28 32 36 40

Maximum resultant angle of attack, o, deg

Figure 10.- Effects of Mach number and test gas on the dynamic stability parameter, .
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Damping-in-pitch derivative, Cmq + Cm&

.2~ Symbol | M Test gas
o 45 | 9% C02-91% N2
8 O 9.0 | 9% C02-91% N2
' O 13.5 | 9% CO2 -91% N2
Solid symbols indicate air data
4
o
o s+
O d° o]al B o ©0
WS 2w T H G o T
-4 o° °7 0
o
%
-8 | ¢ 'S
1oL | | | | | | | | | |
0 4 8 12 16 20 24 28 32 36 40 44

6%

Maximum resultant angle of attack, o, deg

Figure 11.- Effects of Mach number and test gas on the damping-in-pitch derivative, Cmq + Cmd,‘
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Figure 12.- Angular orientation time history of a model launched backward (flight 703); M = 8.36,

Re = 0.72%X10°.
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Symbol |Flight no.[Test gas |M range R;nge Facility
o 703 [N -CO,| 9-8 8-.7 | Prototype hypervelocity
free flight facility
° 663 Air 9-5 8-.5 |Pressurized ballistic
range
200
- Hand fairing of experimental data
%i 160 |- Theoretical fit to experimental data
b
A
S ol | [T
£ 120 -
- v il
(o]
3 ool i 1
g 80
O
e ||
: |
a 40 " *
[¢})
’ I )1 } v y
é ] | ] | | ] | J
0 4 8 12 16 20 24 28 32

Time, msec

Figure 13.- Fit of theoretical motion equation (eq. (7)) to experimental data; xcg/d = 0.72.
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Velocity, V, km/sec

o
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Figure 1h.- Trajectory parameters related to motion of vehicle mass center.
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Figure 15.- Oscillation-amplitude histories of the configuration entering a
model Venusian atmosphere.
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Dynamic stability parameter, K (variable density)

Maximum resultant angle of attack, o, deg

Figure 16.- Effects of Mach number and test gas on the dynamic stability parameter, K.
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Symbol | M Test gas
o 45 | 9% C02-91% N2
o 9.0 | 9% CO02 -91% N2
<O 13.5 [ 9% CO2 -91% No
) o Solid symbols indicate air data
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coefficient corresponding to the best 2- and 3-term assumed moment
representations, xcg/d = 0.72 d.
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Pitching - moment coefficient, C,
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Best 3-term moment approximation (1-2-3)
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(b) M = 9.0

Figure 17.- Continued.
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(c) M =13.5

Figure 17.- Concluded.
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Figure 18.- Variations of CmOL with amplitudes of the motion.
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